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STREAMERS

Both attachment and thermal-acoustic instabilities are
large-scale positive column instabilities , and only the initial

~— h a s e s  of their growth can be described by linear analysis. The
se co ndar y  phases of a l l  t hese instab i l iti es appear to be the
t~~ rn a t~~on of discharge streamers t , and we are now beginning to
obtain detailed information about this neolinear phase of the
discha rge instabilit y.

St r e a m t - r s  o f  t h i s  type  in EBS dischar;es w e r e  f i rs t  d i s—
c”.’ored a t  AE R L under  t h i s  program . Since that time , Streamers
h av e  been found to occur quite commonly in such discharges , and ,
indeed , arc responsible for arcing in many high power gas dis-
, -h a rc ~t- lasers. Examples ‘ire shown in Figures 1 and 2. Accord-
ir ,~i1 y, i n recent work under this program , we have concentrated
on stud y of the streamer phenomenon and have succeeded both in
Ve - r i l v i n u  the essential elements of our oriqinal model of a

and in obtainin : new , more deta iled data about streamer
( ‘ n a o m I  i - ‘n •

‘u: ‘i - t i n a  I model , sh ow n  i n  Figure 3 , a streamer wan
a:; a cy l i n d e r  c I  hot  and c o n s e q u e n t l y  conduc t ive  qas

( b o t h  St ’cause  of its lower density, and because 1 thc  the rn ~il
icr~~zation — t  the ~as at the equilxhrium streamer temperature
n e - m r  6000°K) . This conducting cylinder protrudes into the d~~s~
chi:-m- ; near its head there will be both a strong field and a
:~ -~h current density (just •-ms would occur near the ti p of - i  wire

‘t  ruding frcrr the cathode) . Both field and current act to
raise tho c on d u c ti v i t y  of .pm s beyond the tip — the field by ioni—
:-ition and the current by heating. The streame r grows across the
d~~sc h a r o e  m a velocity determin ed by the time required to heat

- he- ni s up ‘ - -
‘ conduct :nq temperature . When it reaches t he  appro-

pr b a’t- elec trode , ‘r ‘ e m s w i t h  a streame r propagatinq from the
-- ‘oposite electrod e , a low- impedance circuit is formed and an arc
interrupts the discharge .

Ncn sci f—susta in in ; discharge streamers must be distinguished
I r a n  t h e -  ele,:t:-n-avalanche type of streamer appearing in spark
l : - r e a k L I c wr , . In the first case the s t reamer  c lose ly  resembles an
l n c - ;m p e te  arc and photionization processes may be neglected ,
where in the second case pho t ion iza t i on  generates  the seed elec-
t t ’ n s  in  the avalanche . In  the present work we discuss only the
nan s e lf - s u s t a i n i n g  discharge streamer.

2
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I - -  ‘i
c i : .  t .15 1 : 1 1  -~~~

F - ci e - 1 0 sI. ‘* s - *  cl~ t; — - l : .m : - ; e  - - - I. - : - - : - n ’ , - a a 1 b e - t .  ‘ i c - i  1 ‘ 0
tot ‘ I c c -  a t - : i ’ l o n  of - ‘in e x t e r n a l  ma -: :. - - lc I c e - i t .

I I~ 1 1  h i.i :-~o - - I c - m t  c - I  I t - c t  - t - ~ S t  r e a r - - t i  g r- A ’ m l  no
s: 1. --.- ‘i-~s n ’  - :. ot a’- s ’ re-a m - -: is a : a :  c t , ’ . 8 : 1  :c . o I I c i e t h t

0 1  ~e ’ I i t :  he-- ‘e - : : t  c - i  , ‘~- b ~ d c -  I t :  F’ : : - r  c -  ‘~ t h e  ~m r  - _ s - ‘ i t
• b e ’  t - e - 

• Th i s i s - t s - : r s :t: - ; , I - : c  - ; : i t o  1- 1. - ‘ - s it It . -

* 1 1  s i x  : t a  -
~~~- -  I ‘ ~~• t h  I t :  i n - ; - - - s t - - I  F~~~I : c l b , - C 1 °  ‘ A - i S  i l l

t e l . r e t :  r a n t ;  ~~ 1. : x t r o : t - t - . w i l l - t O  e H — l i - - l I , t h e  b i s —
- n m :  : - - S ua I 1 ‘.‘ ( Se ’ e - - t’- e - S  ) - ‘ i t  

- c - - .1 a t  I Ia ’  i t ;  e~ , I I sh a I ci I - e  - 

_ l  - ha ’ *:: - t :  - w h m  ‘hi c m ; - ;  p - i r s  I c  I - c -  i t.  h ’-  - c - : , :  e r  m i ; h t  1 - c -  r~~
- 1. .- ‘ t a: - 0: - .m •. e - I : e - ; I - ‘  m n F : ;:ci e - 1 1 , -~-I: I c I; a h owa • I ;

- - m ’ 1. - I c -  ‘ i t  .- t  ‘ m ; - l , - t  i -  :. I h o se  c x :  ‘ - r i m e - : : ’ 5 , : 0  - - i t .  Sea  I
‘ a :  • S .‘: -- : .  • ii -~~~~~ nrc o r  ‘ - - I _ t a d  s- - n c  i t o -  in I h e -  c : . t

I n  1 ’ - ’ -  : , • ‘ i t -- ‘ ‘A - I t - ) - ~ s c-m t  b u r n  n - m r  ‘ - - _ - - : -  c - s e - t a l o n - :  -

I - ; . - : ;  - m a t  . * : .  • I . - :  s c -  cl c r’; e d  i n  th - -  c c - n t e - r  - 
-
~~

-
~~~~

‘ h o n l y  a I t - w
: r ’ - - : — - - -  h a t e  ‘ i s . - - - . P v c  h e - : : ’ i v ,  h is t cs’ : tI ~~ I c - n  is : 1 m b - - :  O

• he ’  s’ ro ,’inpt m n i t  m i t  i o n  r - - c ’ , - o ; - ~- l c i c h w . - ; 1 - t n I -  c x ;  l o ic’ I i :  t ho
in s- :hso ;u ot : !  w- r k ,

F : - n c :c ’  11 — h  w~- - ‘ i : : o t  b - c - :  n ow  obsr- r v a t  i - n r a I i  m u - i r - o. - , r d
0 1  - m F o a t  a t  ;~~~ . I n  t I : : s s b . - ’t , t h e  c - — I - i - m m  sh::t oft bet -re th e ’
s’ r “ *n- .-r had r e - a c h e - I t b ~ .- a n t e -  an d  t b : o  d i s c — h a t  - t o  c u r:  ‘-a ’ 1: - c - b

slr’-as ~v ro. P the streame r <‘ - - n t  i nu e b I -  cr r w  c r 1  ; r
- i i-. m r . ’ i - - c r  :hly 100 ,s l — * t o r .  F i g - c r c -  12 shows a n  oven  nc- - n c  : 1 0 —

a occ’-d o x - m t — - ; I t - , T h : s  it  - h i t  t :  - t  0cc::: ::t : t i i  a b o u t  ‘i m i  l i i —
5(’ c’’~~f l - t  a t  I t - r  - -  !ischarrc’ , b- ct , - m s -m r. b c e  S ’- e ’n , i t  was  s t i l l

- m - cs ’ ’ I t - . I- - :  ma mo: -~ 01 m s r c ’ * m ’ - r  , These t m  I n - s  i r e ’  - - - c r  : : t
d i r e ’ c ’I ‘- :  l o t c c e -  b : ’ i b  s t r t - - m n - c e r s  a r t ’  r i - a ; - r a i l - i c ’  t o :  t a s t  a r c s .

F i t - . r c  13 s h - - w s  a d i s c b - .a r - t e ’ i n  wh c - ’h c e - ’ or a l  s t r e am e r-
U c ’w ‘ - S i  ;ri I iran ’ lengths h o - I c - r e  the St r n c u - s t  ne ;-r o du c e l

-

________ - ~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _
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The I I i  m m . -  S a 1 so sh ow ~a s-c occi a I r e - am e r n e a r  he
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at :  - mx C . H( I c ’  , a S i t  - a - - n - c  - 01 • h e ’  I I t  - r 1 m I t ::a , ‘ r ~ c ’  ‘ i t ~ 5 k - c  - s’ : c - . t r -  —

- : a I • - ::~l ri ~; I ‘ ‘ A O l  ci I bcc - - - e - a ’ c - 0 1 - I~ a c ’ h : . m  : :c - , I i S r ( • ci ’- - m r
h i s  is d U e ’ t O  I - c - a d  i : - ;  ‘I  t h:~ - t.- I t - c t  r x c  1 x old or t - , t q r ‘i i t y c  t

:n the’ b .mckaro and ~n - n d u ’ t  i v  i t  
~ 

, C U t  r e n t  d c - n t ;  m ty  , and gas em—
: t r a i t u re . T h e ’ e — t c ’ -t nc i s  n o n u ni  t o r t:; , be ia-i peaked at t h e  c e - a t  oi

t i e ’ 10 a - o t t  e r i r :~; 0:: ‘a S S-t a t  t h t - o u c i b :  t h -  t o~ 1 .

Fc Ims w c ’ l e -  ala. - .m ~ c e ’ r :  - ‘I shots in 3 :2:1 lase r aas , but
‘it l: c u - xb - , these t i s c l c a r- a t - s  d u b  - m r  C , St  m o a t - c e - n a  - i r e  t o t  S c - c - i c  c x :

- ho : bi - ’ i c ~~i t , ’ i i  ha . A~-; ‘ - ‘ i t .  b - c -  se - c - I : i t . F i t ; : :  o 15 , ; 1~ ~- I n - ;  S a t s  b.-
‘i :  ; c - I t  at: t h e  cot  h - c d t -  e a r l  i n  t h e  c l i  a c h a r - i e ’  - a r a b  - i  - c a l
s’ r - - !  d c ’ , : t . -s m l  l v  the lam ;; ’- oh a s: xuan ’c- r , c s  v i s i b l e -  or ;
• h e ’ . - m  1 1:- 1,-  i us t • - - x - t 1cc - •t : o , 1 :c t h t -  st reanit- r5 _m : e- ~t -; - a x  c - r :  t 1 v
‘00 c ’oc ’l  I t m - h o t - ’ S :c l~~ c c i t ’ : i t j - ~’ ~ r < t h e -  w t v t - l c - n - : t b ,  r . i r l ’ ; e ’  t o

~~~~m - ’h ‘ l : e ’  h t l t i -  is  - e ’ t . S I t I V c _ This is not - - s.~ r :  t i a c r a ; , s i t , - .-
- t 1 f e n O o t  i t  ; i o  i s  s - c l  ficien t to ionx ~~ ‘ C O c  . 5 1  r t ’ a m c ’r  s
l o v e- I e - e - t :  so.-’:. i t :  3: 2 :I~~ ras m r-i other c t c s c h . m r ~: c I V ’, it ’S , u s i a - ;
i n t o - : :  i t t - h c x ;- - ’s : 0 -  t e ’ c’h i i x - ; u e s a r a b  e- x ;-osx n -: the - - :.‘is r et;i:tax: t
I : a - ’b: a r - ; e ’s _ I : .  • he 1 :t a r e , we - I : -  t o  - c a ’ -  sh-c :- --w -:x ‘ i ; - b c  t 

- c - n ’ .’ . i n - c - : s  0 1 ‘ 1:is  a .r c

Fx ; c - r i m e - I : ’ - - ~~~‘ - : t -  m lso c t c :. o i n  h e l i um , 1:: : ‘ b ~~- st r e m n . ~~t
n - - d c ’  - I ‘ i : C i n - ;  ‘A m s  a t  5 c - e ~ t ) .  ~ b :e - c - - r a v e - I ) ’ r o n m I  b r - - i ’ . : o wt ,  I I : :  o sh—
o I l  ~s S c -  1- -w m a  h e - I :  cr h m *  a ‘~‘n 1 t  - m w  I l - . 0 b u d  a’ c n - i k e -  - ‘in - i t o
I c - l ot - - the c — l o in - ;clse was also ins u l t  l c ce- : . ‘0 r c - - b : a - & -  - ‘ r e i n - e r
:: w! Ic I - c r  m n - ~; ‘ he  f e w  h at : d :  C c l  n - i c -n c - s e c o n d s  of - ‘ i  dxsc’b .m : U -  -

A l t  - ; e - ’  h e - :  , ‘ h i s  y e - - m t  ‘ a w i -  ‘. h a s  ; - t  t~~~ - c ’d I .  - t  ; : i ; 1 . c c
n - -c - r  I s  o t  • 5  s:a-b , r uns ‘is -

~~
- t - ’, as .m n- c o b :  i - i t  : - - :  r n — h - c - :  ol

s ci  I I - - r n _ i : I: i t ’ ’  : is oI : - .:n s U. w h c  ci -  t b -  f r a m e  c ’an ieu  - I  ‘ A - I S  n a t
o ; c - l .  A 1 c a t : : : : 01 • : — o s  wI i - h  I -  h a ; ’ -  1:  a r t - i n :  C . ’ i t t - e - I  a

t c-c or  I c-c is  :1 ‘, .  :: : r : F m l  1 o 2

Tb ’  - new ci ‘i — a : a • : : - :- , ‘A t :  - - I .  t - ‘A c no  I ,c -  I c  - c - - : a - - I - - i t  : c - - ‘ i t

t e s s - c : e a , i t e -  ~~~ : S i s ’ e - t , I  w~~~ l~ U t  c - i l  I : c - t  r e - : - u I I s .  ~~e -  I i t - I
t h a ’ - — ‘ : - - - mn - ~- r  ;r - -w~~h is ‘-x : - a ml , cx c’’; ’ m a the- c - m n ’,’ S ’ i - : ’ - s  

- ‘ I . -  ; 0 r c - m n - o~~ :s ‘- -s b c m r :  ‘i h e w  n - c  I ]x-’ c - e - r s  I - : c - : .  I :: ‘ I~~~ i
•

1 1 I 1 cc • a t o -  , ‘A-b: c oh w - ‘i a : - 
- c s o -  o r: 1 ‘ icc t v - - i i  b - c  - - ‘ .i - - a t  - 01 : he - c - c  -

of • ho l c t a p  01 u n t s ’  c - : .  w -  : t - , - b c -  a r  -w I: i t  t e a t :  s • be - l a s ’
• h - i n  ‘he  ‘ - x ;  - n.e-t O  1-0 i - - n  se - en  1 m~~~l . e~ . m 1 ~~ I ::v~i lo s s  - t i -  i ’ i~
• : - ir : t:  -‘A’ b e tween  ‘ I c -  I 1 n - e~ o - m : -  i t : - I  h e I c - c - :  - - c - _ I  :i -~ ‘A’t h i - i t t ’
o t i - t o ’  vo’ lop ed  at: ‘-m n - . -r . The-r e- is a -n -_ c- V I :  i ‘ it-u i’ y r: the- t i rn e

- - : c : r ed t ~ u no t l i t  e .m se re-m t-ce— , ii: ol-so’ r ‘S - cm t 1 -  - n ‘A-hi ch t I  y e - s  < - cm use
t a r  ~; t  i n - c  an -  t I c - m t  a ; r - ‘ : - c ’r  ‘bo~ - o -  c t  C,it ?:c to  ‘,i fl ioctuct’ th e - t : o ~ —
-;uency for - m d  ng iii si:c - h d x  s c h - m r c r e s  . I t .  t h e ’ later at cm to -s - -1

~r r n w t h , ‘At ’  - h - s e r v e ’  ar : cx;  nra— r - , t  c i t  i n : - . time w i t h  p a r a m e t r i c  s c a l u n a
l i k e  t h , m t  seer. be fore , ;- r -  -v i d ed t h a t  the d c - c l  r i o  I i n tl a n t  t h e
; - c c w c - r  los --. s m t y  i r e ’  1- c t b  s~’a1o.I the press-urn c c f  t h e  - t a t ; .
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SECTION 111

T H E O R E T I C A L  A N A L Y S I S  AND C O M P A R I S O N  W I T H  D ATA

I .  STREAME R MOI F: L

O u r  or i - t i a m l  ni- alt-I of -m St reamer- , sb- wi c t. Fi-;ure 3 t U e - v t - ,
c t : c i u d e c b  a C o l e ’ c - a l  i i c c i e ’: - t- r ; s c - r c t i a i  lv arc ax C , 01 le-ri - j th c ,mnd
:- .i d cu s  bc , a c_ ip :;; I c c - r e ’  or  I c ’ i l c ’  o: r a d i u s  ‘i , w I t - r e -  t b ; o -  ~ a n d U C t i V i t  a
1:; high due  t - - i o n  i ,t o t  - a b y t b c e - f i t - I d  and cu r  ron t < ‘ala u - r u t  r ~m t i

. m r - -aj n d t h e ’ t i :  01 t b ;~ - st ( e o m e ’r  co l umn , and finall y the background
d c  sL ’h a i  c;e - ol cold to s -. - i t  I ; :c::i I - - r t n  c o ndu c t  1’_- i t y  produced by the
e— b e a n i , This “ c i t - I  w a r ;  ; c c : c t u i . ’ i t e - I h - c - l i e -  We- ::ad tnt ; ’  detailed
d a t  . ‘ i . i l co:c t  a t  r e - m m ’ - :  : t  i c c t u r e - , 1- u t i t  has be -en we ’ll b> c- xr , e- out bc ’ ,
c a n c; c h - a -~~cc , - t ~~ oX~~ - c ’ F  c”  c t  m l  ‘ -  r k - As ~s e v x ç l e - r : t  h i  t h e  f r am i r : - ;

came - r ’ i  ~- h o t~~- u t~ bc ; - , :: t I c . -  r c - - a - l i t  ; sect icoc , s t r e a mer s  q u i t e  con-
s i s t e - t . ~ ‘.‘ d u s t - l a - , - 1:-. - s I r  - o u c r - w b , i o b u  ‘A’ t -  h a - b  t - : c c i  c c - I t ’d.

I n  r e - ; ’ : C  c c c  w- rk .c:: - l e t  - his c- -nt : . a - t  , t b , e  tn - c I t - i  ‘A’ aa  d u a n t  1

I 100 i n  c- - :, s  c - b c - ~~ ab  I t -  - i t  m c I  an - i c s e d I a  ; r e - c a c c t  c - :c c h  p m r a n m e t e r s
I S  t h e -  I ext-t o ’ :  m l  u r t  - m t - I t h:~ - c i x  - i n i c - t  c r  - -- 1  1 St  r e - o n : . - :  Co I unit :, t he
Si.U - 01 1 h < - I Ct -i  nc- - a :~ 1 : - i  I o  , m :: - - l b i t ’  r i t e -  oh  - ;r  -wth of t h e  it  r e_ - , m m t - r  - -

cn c h ’ : ‘.‘ i : l - : c a c i l s , - : : . t :  ; c  c o r . c i i t  c o a t ; . T h e -  ; - r c . ’d i c t c - d  s t r e am er
r r - - ’A - t I , : 0  - - c s c n ; m t  I i  m l  . m - : r c - . - ’~- , c t  w i t h  < c u r  - . bse ’nv mtjons. The
S t :- t ‘i n-’ - ve - Io c x l v  b - - l i c e ’  I f r - -n - lIc e m o d e - i  x S  - a - m t  i c a l ; -  of t h e -  n : - ;h t
order , w I , u - ’b : - : i v eu, s - - - n :  i d c - t c c ’ c  t h ’ i t  the 1- i s i c  tt -- - - - h c a t : x art- , r e a l s —

,v e ’  h e- ’. i t c t : ; ot t h e -  i t s  nc - a :  t lc . ’  st  r e - a m e r t i p ,  i s  c- - n r c - c t .  As
t ’Vie ’A -ed be- I ‘A , I r e  m ’o d e ’l  ; - : e ’ - b c c t a t h a t  t h e -  SI  r e i n -  o ’A t_ bc r ~ t - -

h o c l d  b e  p: i n - i :  i l v  b - - I  c - a d o - n t c f l  t b : ~ - p (cWe ’r - I e n t x t y  i n  t h e -  back—
r o u n d  di  sch, i  r ic  - . Tb:  i s i s I - - c tad t - - be ’ t r :c c - 1r- some , b u t  no t  a l l

- - f  t h e  - p a r  an -u -I ic r e - ;  u n - c -s wh c c l :  h •m v e  been s t u d  i e u - ~ i n  our o—b eam
- discharge.

To i m p r o v e  t h e  a c c u r a c y  c f t h e  model  we : b e l i e v e  i t  n ec - c ’s —

~ary to dcs- ’ribe in  n o n e ’ d e t a i l  t h e  h e a t  i n t e i  p rocesses around the
streamer t x p - . The t i p  is a co~np lica ted structure where the gas
a n ’i. e l e c t  r - - a  de n s i t ie s  i n - b  I . - mr - er a t u r e s  m d  t h e  e l e c t ri c  f i e l d
s t r e ng t h  and c - i n F o -ni t i ’-t usl ty i r e  a l l  rapidly varying. Beyond

ht ’  t i p  4- c o : : - h u c t m v i t y  i s  due t o  c — b e a m  i o n i z at i o n  of t he  gas .
W ith in t h e  halo we b e l i e v e  the conductivity is due to ionization
by e le c t r o n  m u l t i p l i c a t i o n , because the f i e l d  is  near the Criti -
cal  f cc-i d , an-I t o  thermal lccr c za t lo n since the gas is heated by
the increased c u r r e n t  - In the outer regions of the halo , hea t-
ing leads  t o  or : expansion of the gas; towards the center of the
halo heat conduction must become important as the hot gas becomes
~art of the arc-like central column of the streamer.
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A dt ’t~~~i led analysis must include - ~ l i t b c - s e -  i n t e r a c t  u i - i
I unear proct-sses in a consistent m a n n - - x  . W ,- - I a  r :a t c t  bt ~~’,’e-

- u c i c  -t d e s cr i p t io n , but we h o v e -  made - subst i n i t i a i  : - r e - c I x e - s s  t o w a : e b

i t  . Tb is  ~~e - _ m r  We; h , m v e ’ i n c  l u - l e d  in our  m o d e - i  -~,m s  h e - i t  i r ; - j  ih , , id
t b:~ - st re-amors , :i t ’ , m r t h e -  e ’ d e ; e ’  oh  t he h a l o , and w i t b~ i n  t to- ti ,m 10 ,

mak unt; i t  possible t o  e s t i mat e  the relative importance of  t h es e
I i  f f e r  e at  et  t t -c ts  i f l  t h e  different regimes wher e the discha: i c ’

- ‘an ~~ apt’  r~i t c -d . Moreover , we flow h a y 0 - what we bc _ - i  i e v e -  t o  b e -  a
mom ~~

- ~- :  c - - l i t ’ 1- ’s cr i pt  c a n  of t he  radx ,mi ‘~-~ t r  i. at  c - : :  c f  v~ m p c - x  c i t - r u —
S ~~t V , o I c - ct  r c I i c  - I d  - i t  ci c ’c c r u e l  c c c  - t iv i t y w c t b c 1 tl t h, - I c  - m lo , - i  r e - o  I on
W h i c h  ‘ A c  bi t el ‘ - v u -  - _ c : -ly Ut - c -r u a t -I.- I - -  - le a’- i t - ,  o n l y  ; - b : e - r u c - r t : c - : : o l o q r —
c . m  1 I y . b~y - i scan: u a- : t b c i t  t h e  - 1 r e I d  W i  t b c cc; t b c e  - !,~i l  C) iS  c L i x t -p c  - c i  ~~t

— :~ b - n t ’ . m k e b -W t :  t : . r  c - c - b c - - l I , ‘ i n t e l  - - : : c b - i : c i r c - :  I I c i s  w i t h  .ifl i t c i l ysis o h
- V - i  p ar  ax p a r :  S i C - t i  dUt’ 0 I c - _ i t u n -~ - w e ’  b -c a c _’ e - bc_ - e ’:i - - I t  - I c  - - I V ’  -

o a i l i t c  l a w . ; w h i ch  : - ; c t  - ci t e 1 r 1  c c -r  r nn de ’l or : a f u r - n :  f - - a r a b .  m l  c or:
in~ i c- cc ;-;c-5 t m w m v  u : :  which i t  ab ~c ;u 1 d  U t -  ; - ‘  -~~~ib 1e ’ in  I u t u r  - w’- - r k
10 con :; t ic ’ I I - - t n I i r a  t r~ i r:c i t - I c - s  a more com~ l e t..; de s c r i p t i o n .
I t :  A b ~~t t  I - ’ 1 l . -~’ :-, , - - cc: e a r l i e r  c ,ml cula t i- ’nc : i r e - r - - ’ : i e - w - - .: a n d  t h e - n t
• I : , - n o t - re- - e ’t :t w a r — . is  - b e s o t  i. i c c - cI . S i n ’ .- t h e  c - a l  I : - :  w - - n k  ‘A c ; ,
C - a c - r e d  I t : l o t  vc i t a c S u n a l  r e t - - r I  — 

‘,-,- e -  i r e -  u : c r I - .c ~b i n - : b c e - r e -
- - .- a 1- :  c o - I  un-Jr.a : -,- 01 t I: t~ c - S ;: e - f l I  a 1 a l  at  S

~~~~ hAI’  - -URR1 - :N T AND CO}~l-I ~A I t

t ;c e 1 1cc - c - i t ’  - t : ica  I - - -a d c c c l  c ‘.- c t  a i s b c  1 c t i c : .  I - - -

i tt- c ’ : , the’ at  r - - i t n - - r  c i i :  : - -t : t c s  - i - - t - - r t t - i n o ’ d  1;~ - b o  r~~- sj .  I i v c t v
- f  1 c - -  b a:’~c : r -  . c t : b - I i : ; c b c - i r - o - . T h e - s : - - . m n c e - r  i t - ; o n c e - a t  j a i l - :  _ r

t i v e ’ l e . 1 - i l c a s t e - c I  m x - . ,  w i l l :  t h e -  - u - I d , -~~~~~h e  - in :  i o n i c — c - - b  c i i ; ;
i : - - t I - t  4 - h e ’ s r c - an - c— I  u n - : -  sc:: : I c t - c c I i t : - :  : - -s i S O t t ’ . ~

‘ h -  c - — b - c -an -~ c ’ n e - r . m l ’ - - l  - ‘ - -n - I - i c - I  i ’~’ : t ’ -  is — , t c l I O l n- , i t . :  t h e ’  C u : ! e ’ n i ’ is
c i s i — s t a t  x c ( i . - . ,  l u v e r ’ m e - n - a - I e ’ s a ) - O n t o  his ,

~. 
.

(
j - : )  

~~~~~ 
= — 

~
‘
0~ 

~~~~~ =

I — ’)  I t . - -  ~~ i : ’ I ’. ,~~i T . . m ; - I . i c ’e ’ ’~~ c ’ T c a m i i c r  - m t - b  b:~ ! : - e is c( n v c - t : i e - t l t I
1- - ;;; ’: m l  e a t  i t -c  s t  ti e- n ucal coordur - at cO ; in t o - r n - S  < ‘ I  P : : - b  : - - :-° I v n - - n - c i —

t c i i a _ A ssumir : ‘h i  ‘ ‘ t e ’  I t -  c - i n , - :  halo i t ;  - m ‘— - t c c b . c  - t i n t - :  c O - h o ! - -  w i l l
. n c l  - : m  S c : l m c e - ; - c - ’ c -t ct u . t l  V j ,  t I m! ada P — l u - - I - b  l i x  I n - t n - ,  t h e ’

a t  t o ’ . ’ i r r u ’ ’ :  i s c t , .  t o r n -  mrc ~b -~ 1 n t - - i - m i t  cc l - -  E 0,  i tc I t b c - m t  t h e -  ; - a t - - : , t  i a l
- m ~ t h ’  bas .- of th e -  s I r e - i tt - c r ( - -  = —

, r = c) is 70 - I -  , - t : - -

i r e m :  m l  l y m ccur ate t - - c ; c ri r- t r tc in t c ’ r ”  - 01 t b -  I t r i O  I . - w
h e - ; “ n t n ~ - polynomials:

V ~
- 

- 
(r — -

i
- - - - - )  cos - -

r
3 aV1 

2 ‘E0c (1 - :L, - ,j c  ;~ 1V 1
’-E c (i -

I - —  c c
C

~~~. r-’ l c --c 4- r - c - n — Beam S-oat -m i n e r  P c s c h a rg e  St r e a m e r s  and  A rcin cr ,” F ina l
T e - - - h t - .i c  ~ I R e p o r t  (N ov . 1 4 7 _ )  
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FT

‘A I ; c ’ t e ’ , ~m ; a m n , c is lc ’ni e i th Of t h e  s t r t - am e r  c o l u m n , - m d  a i s  t he-
- 1 1 u :cc- , - t  ‘ b c e ’ b c - m b a  o r  cap  s p I c e - n c - . S m n t c t ’  t b . . ’  - ‘o n c i c u c t  u v u t y  of  t : c ~

t ’ame - :  is m a c I c  1: u - r t u c - r  t b _ i t :  t h a t  of t h e  b-i~’ ke i r o u n d  - m a s , t I , - - ; - t ~~—

‘ ‘‘tO i i i  V 1 01 t h e  h a l o  s u r f - i c ’ ’  m u s t  be c lose  t o  z e ro . So a t
i c - i c c ’ i - m I i :  : ;t  i~ - ; - : e ) x u m a t  u t e r i  ( w h i c h  us p r o U d l y as a c c u ra t e - , m s

c :  i. - - :-dm ~ I c c : :  t h a t  t h e -  h a l o u s  i t  u r c i t o x r ;  r c a t e ’ n t t c , m l )  C ) f l t  can :  s e - I
= 0. T I ,~ - t : - b u l l  e - I t f l t  i _ m t i n c - i  P - 1 .  ( 2 )  t - -  I u n c ~ b t h~ st  : e on t - ; t  I. a l

— I - . - : e . i i m i  I I - i t  t he ,  o - - l - ~~e - of  t h e ’  h a l o  - : i v e - s ,

-~~E L ( l +~~~~~° - ~) + 3 c o s - - )  (3)r - a o a c

~~r c m c’ ‘ t i _ s  - -  c m ’ c r : - t i e -  c - i n  d e t e r m i n e ’  t h e -  S t  r e - a n t - c - I  c - u r n - :- ’.
1 - 1 t t .  e I r ’ i t  i t : - :  - - ‘.‘- - r t b u c -  c - a r t  i c c -  ol the- cat

. - ; - L e ’ t -  ; c ’ ~’- - s  I : - - • - t 1 c a r t e - I t ,

I - I -

, E 2-- a~ s c n  -- - I
J 0 r~~ m

C, ( 4 )

2 - c4 ’ -  !. I s-o o 4 - i

- ‘ - I I ;  - — s c — c . . — - - r ~‘: c r c  I - — ( 1 )  ~~ ;c f - c - c t .  t - - t n  - m l  c -ci ‘~ c ’  r t b c e  -

e r  I c e - n - i  a r - h o - r e - . m t c ~I _ i / c  lu - m s 1- - a:: ac- -t I c _ ’ c ’t 1 t e a ’m : c : c t ’ it is m :cch
1 : - i t ;  ~ ‘ / t .

0: ; : c  m l  n - - c - I ’  I -i l so c c ; ; - ’-.b I i ;  I - m o e ’ s • -:ua i c - r u  t -  ‘ ‘S t  1 —
c’ I! l i , : .  01 • h c ’ 1 01 t h e  - - t  r o - a n ’ r - c c l  umr c , c _ c - . - c - I  h u e ’

C a : - - 1 : c s u  I c -  1 1 c c - b a ’ o . ~ e ’ .iS Or:~~r : - r  t h a t  w h u  I a  I - - - - t b ; l c .’t i v u t  v
a - e:~ mcI I v  con;-t mt: t wit hin the b a ja ( i t  ~- : ; c U o s i y does  r i - c t

That: ; - -  t - - - c m n t r c p t  l v )  , - - a . -  c an a ct  imate b , t h - -  c o n - - r a d i us , b y  t ak—
= 0 m t  : 1 m t . b - - x t - a n I i : c - :  i t  l , c ’- : e - a - i r  c -  ~ - c y r c e n i a l s  -is t b - c - y e - .

t l ; c ’:. i a s  c n - i r -  t l , t t  P = F it  r m one 0 1 - I - m i n t s  in  c - c O  c n a i t e  o h
a d : e ’ t m ’ . - - m / x ,

i~~~~~~ I ~~~~ ‘
- _ -- - _ - (~~)I I- .

-

I . I’l l i~~ A 10 1-0 OF T i lE  c c r R F ~ eI~lFp  ; 5 )~~~~
‘ ?‘,\

Ic — r : -  - ma i t ;  ccc l crc’ t - . o f  I bce  - - I  r - - - mn - c c - r — t h e ’  ‘ ‘1  e - - - t x c ~ :: t ,-rrq - e  - r - —

• I t ’ - and - U t : - i t . ’ ir e ’  in  ‘ ‘ qu r i l  ubm -ium wc th ad at r - m l  - t as , so th e -
I- - • o f  t o n i z a t i - - n  t e ~ a f~aha ’s equ .it r - - ’r: mt tb. t art-pc -r at cm - -  of
‘ he’ n c - c I t  i l  u s .  T~-’c ’ e l e c t r i c  f i e l d  i s  l o w , but t h e  c u r r e n t  den—

t a  c . ; r - , i - n h .  so t h e  n c - s i c , ;  i- -- ’ rc ’ wt-r i n :  ct is s u f f i c i e n t  t - ke - -t
- he ’  - -ol c u r t - . be’ - I n  ‘r a s  - i t atmosp h.’t x c  ; cr , - s s u r c ’  w c t  m . ’n p e - r a —

cc: - -  b - c - I  - -w- ~ x 1O ~ 
0 

• t u e - a t  loss is m a inl y by condu ’ t t a n .
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~~i t  l a - at  1, t a ’ w l r : . r  t h e ’  O c t  m l  I s  01  bce-  ‘c c l umn at  r :,~ ‘t  c c n e ’ a x l e -  c t r c r s c t
S O l v e ’  t h e ’ t u e - at  f 1~~-w e’ ci u ,m t c c c nu  e x a c t l y ,  but l l l c c w c t c , :  Ra1n ,~r

(i) we
I ; :  c c c e ’c - e le ’cI b y _ L V ’ r t -  i n t l  i t  O \ c t  t he  c c c l  umn • m r t - m  - T h i s  i i  V c ’i ;

;-L~. = ~~~~A 
1

T 

‘ t ’ - A ’ I  ( b )

1 us - h e -  col cm a r a d i u s ,  T is t h e -  n - e - , e t ,  t , - n c ;  c m m t c c r e ’ 0 t h e -
: . i S w ’ u t b i : l  I I : - ’ c c - l a n - ::, ‘ is t h e -  t h e r - m a l  cc)t: biie ’t  t a i t y ,  md A u s
i t , c ~n- e  i- - m I  act 0: d c - mr  acto’: c s t  i c  01 t I c  - r u : - - . i-h r l c ~~- t l .  I - - m t - p c - :

- u :~~- c c : , R a c a e ’ r s  ‘~‘~~ I u o ’  01 A u s  1 5 , wh .i~ ’l c w - - ; c Sc- c t I-  : n i t  r o - ; e - : c
- - c c :  t:c ~ - b ~ - I  - T h e ’ m e - .m mc t l i e  - n-a I c o t , b . c ~ t iv  c t  y

T

• ~. .11’- -

c s  - u - :  u v . ’ O  f : - r-- t c e ’  : c d l  ~ : - lu  ,:~b c c ’ t i’- i t y I o x  - ‘  i : _ i t  h i  r h
~~e ’t t - : - e - t - t 1 ’ c : e - s .  OV e r I I : . -  r a r : - i ~ - 0 1  l t . 1  c - : . : ; ’ , 1500°~ - - -r - - 1 5 0 00 1 ,
- cm:; b e - m r  : - - c - . c t c ’ . m  e ’  1 ad:’ - I . e ’ a t c m l \’ t c. c e - : - ~; : e ’ s S c o r : ,

— I 89~ — 1 0  1 2 -,
- = - I’ 3 . 1 4 5  :-. 10 ‘i~ ~‘- / c m  ~~ /

Ut : - I e - r  : - r - - s s c c r- - -  : i l . m t c ’ - e ’ , I l ~ e - t i c - ;  - h e - r u s i t  a 15 m a y e r se - l v -. - r o —
c - t c . i i t . - t - -t - .: ‘ - r a t  U :  - - , a t c ~ b t h . ’  e- i ec’ n c -a l  c’o : : c lu c c t i’~• u t - -  scale’ :—

• 1’,’ w u  h - - j c C l  no : :  e t c  - as I a - m a -  u r c ~.~ ‘ : c c c -  I w i  I I - - a a - : o - : : s 1 1 v , a ( -

t c  ( 1 ’ ) • a ri ( 1 )
‘0 

~~~~ 
(t ~~~ T0 ~~~~~~~~~ 

~~~ ~l • (~~)

w I - - :  - - 

~o• 
T . - i t t  t i a, - a r e  ¶ ho ’  conductivity , temper ut cu r e ’ , and c—beam

:c a e r . i t e a 1  . -
~~
‘ - t : c l i r  1’ •-1.-ctr”t : dens u ty O f  t l i e . ’ l i c k - ; :  - - c i t - I  d i s c h m r q e .

T b c c -  e ’ c ’ ct  n-. r c  - t c - r S i t y  i t —  t h e -  st  r t -~ir t - e ’r  co l u m n , ne ( T )  iS  - : e -  s cr  ib . d
1 a ‘ bce S a h - m  o ’qu i t  : -
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° + — ij ( 9 )
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and I~, is h c — s c b u m u d t  ‘s numb ”r , P0 iS  the pressure in a tmospheres ,
e ;

~~ 
ari d u0 - m x  . -  t h e  statistical wo ’l-th t S of the ion and atom . c is

t h e  degree c —f  d i s s o c i a t i o n  of a m o l e c u l a r  gas (~~= 2  for nitrogen
i n  the t at -t In - C - of i n t e r e s t )  me,  k , and h are the elec tr cn mass ,

6.  Rais ’-r , Y . P . , Soy . Phys. ‘FTP , 31 , l 1 4~ (I~~7fl ) .

N ACA , TN 4150 (l~~~8).
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1° - I  - : n c a t c : :  c ( c m a - ~: a : c ’ . . i n c I P I . i t c c ’ k c oa st  a n t , r e- ape’ ct  ival y, - iticb I is
t he  c .‘at  c t ;  t o t  e a t  1 , m l  (~~ -

C c - m b i r c i t . c.r E q s .  ( 4 )  h : ou th  ( 8 )  a x l e -  obtain ::,

- 3 8 ~~ 3 / n ( T )
I ‘1 + - -- ---- —

~
-— =n c c )

~~~±:± 
[4 

+

~~~~~ 
(
~

. 
- ) ]2

; .— t I c r  w i :  h E q .  ( e )  t a x  a 0 , ( T )  t I : i s  r e ’;ui l -n y c - : —  ; b.-  t . - n l p c ’ :
T 0 ’. -  t t h . e. ’ :n c ’ l I ’ . a’  .~ b I c ’ C t - e ’ .t~’ column . I ’ I . - - r e s u l t  - b - - c ’s

I - - :  - - c c ~ b - t : : , 1’- . : t - n i l - , 1 a .  F- - r t -_ ‘ r  i c - i l  ~b i c ;~ ’h , t  r r e  -

c i t r o n , - : .  ( - - I -  t:c i In-n , I’~ 300°~~: , -
~~~~~~

= . 0  X
n - h - c  - n- . , b.0 5000 V 1 - n - - )  . l c e - s e ’ ‘ - d c ~ .0 c t — t ~s r e - - I c c ’ - ; . ~~~: T = 6 2 0 0° Y .

o t  t h - - i t  u c t ,  t h i s  c u l c : c l a t  i a x :  C r -  n - c - r e l y
- - c c - r b ,  c - c c ’ .  i n c a  - c ’S - 

- l : o ’  .‘ . m :  i c t c o t :  01 - ‘ I c - c t  r - t c  c i - - t ; s c t  -; - ,~ h t - - n c r  - - : - —

I S  50 S I t  5 :  ‘ I ~. i t  l c t c ’ n e r . t t _ r , - ; - r e ’ c b c - t c ’ . b  b - v  t i c s  c a l c ’u l t t i e _
a b c - c a l  I b e  . - c m s o n  m l  l y i c - c u r a t e - .

-; . ~~-L~ I REt ) FN c ; x ’ I N I O ’ :’

We ’  t c i _ ’ c ’  h-,’;- c - :. d ‘ bc ’  st  I - - m n - c r  - : t - - w t l c  r’cc - - ’l canism t - - b e -
- - S ~.5  u v ~ - h e a t  cc . :  t h e . ’ C f l f l c e :0 ~~~1I - .b c u i r r ’ - : . t  f l o w - c cu c c c ’ .  - t h - o
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SECTIO N IV

CONCLUS I ONS

Ic: surnrna :c- , e x t  e ’r : s i \ ~, ’ f law I ramin -~ - - - i n - c- r i d a t a  - - x i  c - I  t e ~- in - i e - i
a t  r u c t - . c : t -  and dc-v el opm en t h ,mv - web I cont irme d i - u n - r n c c d . - 1  01 a
st  I e ’ imTc t- r  as - ‘~ ‘nac~- oc ; e ’d al c c c i  ma ,m : c d  ha I L  : ; c c z r o u r c c ! e ~~i I y l ac k -jr - t r i c i
c b i s c h , mr q a . St  r e - in c - c - n -  grow th is Conslsta-nc t b y St - c -nc t o  h e -  L - X i - e c r c c ’ r c —
I a 1 , w c t Ic I l ie - n - m  I. i a- 01 I c - c c c ;  t 1~ to ha b o  n~ m d 1 cc :; : c-n - c n u m c q c ’ c c m - , c - I  m t  . 1

I - . c r  in - n a-rowth ~a-r  a w it h ’  r .,m n ; c ’  c - I  discharqe.- condit i c r : : ; . Oun or i - n —
c : c , m l  l I c e - c m  p i ’ - I i c t  c c ,  m n r o w t h  r . m t t _’ p r i m a  i r l ’ f  - b e - p e ’ t . O e - t c t  u~ on 1 - o w e - n

~~~c - b : r : o , m d  w-.. - f i n c - i  t h i s  t o b c - c -  true 1: ;  the’ l c c - : h  l i t - i - b  n c - - m i m e ’
wb ce ’r - ‘ l a n e ’r d i s c - h a n  - x e - s  ar e  ca~ - c ’r a t e d , Sc it  not IT; th e weak I i c i - d ,
h c n b c  c u r i e - r u t  t c ’- t l n - t ’ . Tb , . Tn c a - I e ’ l  ?c ,m s be- c -r u f u r t h e r d i ( ~V O 1 - c i coO lOS

aa ‘- cLit con : 01 h a - c t  it :  , m b ; e ’ a , l  01 the St r e- ,mme ’r ,mn :cl 1:: t I l e -  i r c t c - r
0 the ha o • hc .m i n c  - 1 mw a ~ - - t h e - dens i t~ a , t e - rn p e -  n a t  u i  ca , c mcd  a I t-c —

I r ico 1 1eo I~ t .1: SI n’ i t  c t  I c c: S w i t h :  c r ;  b e  h a l o  b c . m v e -  S e c t ;  c i e - r i v e ’d  -
t h e a - c - ~~m - -v u de - - i basic - h o : the con s tnu c ’ . c - a c  at  a r— a c c - nc~ i c - t a
t l c e - o rv  c m :  I u t u r  a w - c n - k

Tb c i s  y e - m n  ‘ S wa-n k h a m s  c - c - I a l t  I ished t h e  Sc -e e l  I c  r a - l e t _ i l  I - c l
c , - : :  - I t h - - n , i a ci e ’ n s c t \ -  , m n :~i t c ’ S l a t  1’• c  ; - o w e - n  d c s t n  i b a t  boc :.s

, m : o u r : 0  I b ~ c ’  ~; ot ,m st r e -ame r . ~i ’  ~- c - j ~~e - ’ o e -  this can b - c - c i a c t u t ’ l I c e - c —
x e . - l : c a l  I mmccl w . ’  h a v e  ,m l so p n - - t - o c c - e ’ci ccc - x ::-: s h a d o w - m m  m l  1: t t ’c ? : n .  : - l u e ’s
I - , c 1 , m - - i  arc I bc-  - ions : t ’_ - V ~ ma-m t c r .  -

~~t c n - ,  s c t : - — c .  01 - m t n m t a - , v e ’ x  c - c n c — a - m a c e ’ t  ~c- I c c l  I w - c s  t : c - I  c - c - c -n
— he :0 r e - m n c c - x  - : r - ~ w I b c  n a t e -  on  t o  n - O V e -  ! b ; c -  a l t - c - t n - c - n  Li t e r —
m l i v , but p n - m c t c c a i  l : n - : t m t i o n s  01  -ou r particular discharge i-re.-—
ven tc — 0 a complete ex t — m i t  c a - c c  c t  t h i t  c~ue ,’ct i c a a .

Tb .  S y c i m  ‘ S wc - n  k pr~ ’ v : c i c - c !  t h e  I l r : - t  I t  m n - m m : - :  O , i in - c - i  .t i t - -- rds
01 s p c - r . t a n c e ’o u s  : ;t r c ’anc -r  d e v e ’ l - c ;  n -e - : :t  I ram a t;mc - - - th c~m t l c c c c i e - Sant mc. -

Coc r c s c i e - r ab l e  s c a t t e r  is se-en c r c  the  s t r eame r h o r m a t i o n  t ime s ,
m l  c n n  t h a t  n - c - r e . ’ - b ’ t m ~~~ed ~- 1  u ct y of t h e  i n c t i - i t  i c e t i  n - -- c C SS  in  th e~’

- m ’ t a-i .- I 5mao r ‘~‘ - - - .c 1 -~I m c ’ ‘~‘a I - c a b l e -  . This wi 1) m I so h - c -  a r sued  u a
b u ture 
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